Abstract: Epidemiological Studies have reported that the formation of renal stones is often observed in workers exposed to cadmium (Cd). Citrate is known to be a protective factor against renal stone formation. We previously reported that direct exposure to high-level cadmium impaired the citrate uptake by the brush border membrane vesicles (BBMV), which may mean that the formation of renal stones from exposure to Cd could be prevented. In the present study, to clarify the mechanism of Cd-induced renal stone formation, the characteristics of BBMV-induced citrate uptake were determined in Cd-intoxicated rats. Cd intoxication was induced by daily subcutaneous injections of CdC12 at a dose of 2 mg Cd/kg body wt per day for 17 to 20 days. The BBMV were prepared by the divalent cation precipitation method. Citrate uptake was measured by the Millipore rapid membrane filtration technique. The citrate uptake per mg protein was not significantly different between the two groups. The volume of BBMV was significantly reduced (50%) in Cd-intoxicated rats compared with that of control rats. Percentages of the equilibrium value were also significantly inhibited in Cd-intoxicated rats.
Introduction
Cadmium is unique among the various metals because of its combination of toxicity in low dosages, its long biological half-life (about 30 years in humans), its low rate of excretion from the body and because it is stored predominantly in organs like the liver and kidneyl~. The kidney is a major target organ of cadmium in animals and humans2~. Occupational exposure to cadmium is associated with proximal renal tubular dysfunction3' 4>. In vitro experiments with direct exposure to cadmium have shown that cadmium *To whom correspondence should be addressed .
inhibits the Na-D-glucose5>, L-alanine2> and citrate6> cotransport systems in the rat renal brush border membrane.
In vivo experiments on cadmium-intoxicated rats have demonstrated that cadmium intoxication inhibits the Na-Llysine, L-proline'~, L-glutamate8~ and phosphate9~ co-transport systems. Daily subcutaneous injections of 2 mg CdCl2/kg body wt . day for two to three weeks have induced proteinuria and glucosuria7_9~. Chronic exposure to cadmium produces a renal tubular syndrome which includes aminoaciduria, proteinuria and hypercalciuria2~. Some epidemiological studies have reported that workers exposed to cadmium have a high incidence of renal stones4>. The results of a previous epidemiological study revealed that the prevalence of renal stones in nonproteinuric men was higher than that in proteinuric men, suggesting that more-developed tubular dysfunction was associated with a lower risk of development of kidney stones4~.
Citrate is a very important inhibitor of the formation of calcium-containing renal stones, and its urinary excretion is remarkably sensitive to changes in the acid-base balance10~ and potassium balance11. We previously reported that the preincubation of renal brush border membrane vesicles (BBMV) with cadmium results in a time-dependent and concentration-dependent inhibition of citrate uptake by the BBMV, and that high direct exposure to cadmium impaired the citrate uptake by the BBMV and might thereby reduce the risk of development of renal stones6~. Therefore, to further study the mechanism of renal stone formation related to Cd exposure, we measured citrate uptake by the BBMV and arterial blood gases in Cd-intoxicated rats.
homogenate to give a final concentration of 10 mM. This mixture was stirred for 20 min in a cold room and then centrifuged for 15 min at 3,000 g. The supernatant was collected and centrifuged for 20 min at 43,000 g. The pellet containing the BBMV was resuspended in isolation buffer and centrifuged for 15 min at 3,000 g. The supernatant was centrifuged for 20 min at 43,000 g. The final pellet containing the purified BBMV was resuspended in 700 ul of suspension solution consisting of 260 mM mannitol and 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)/ Tris, pH 7.0.
Marker enzyme assays
Enrichment of the BBMV was assessed by membranespecific enzyme assays, including alkaline phosphatase (Alp)13> and leucine aminopeptidase (LAP)14) in the final preparation, as compared with that of the original homogenate.
Materials and Methods

Animals
Experiments were performed using male Wistar rats (CLEA, Japan, Inc.) weighing 270-290 g. Animals were maintained in a temperature-and photoperiod-controlled animal house with ad libitum access to a standard diet and tap water. Cadmium intoxication was induced by daily subcutaneous injections of CdCl2 at a dose of 2 mg Cd/kg body wt per day for 17-20 days (n=5). An equal volume of saline was injected into control rats (n=4).
Brush border membrane isolation Each brush border membrane specimen was prepared from the cortex of both kidneys of a single rat. During preparation, all materials were maintained at 4°C. The brush border membrane specimens were isolated by differential centrifugation and magnesium precipitation12~. Briefly, rats were anesthetized with an injection of chloral hydrate (360 mg/kg body wt, intraperitoneally). The abdomen was opened, and arterial blood was obtained via aortic puncture for the measurement of arterial blood gases and plasma electrolytes. After collection of the blood sample, the kidneys were removed. The renal cortices were cut off and placed in isolation buffer consisting of 50 mM mannitol and 2 mM Tris-(hydroxymethyl)-aminomethane (Tris)/HCI, pH 7.0. The cortices were then homogenized in a glass Teflon homogenizer (Iuchi Co., Ltd., Japan) and a polytron homogenizer. MgCl2 (1 M) was added to the resultant Citrate transport measurements Citrate is thought to be freely filterable at the glomerulus, and citrate reabsorption is predominantly localized in the proximal convoluted tubules. Generally, citrate secretion has not been shown to occur16~. Transport measurements were determined by the Millipore rapid membrane filtration technique17-20~. In a typical uptake experiment, BBMV (10 lcl) were incubated at 30°C with 40 ,ul of uptake solution consisting of 100 µM 14C-citrate, 130 mM NaCI, and 20 mM HEPES/iris, pH 7.0. At appropriate intervals, the uptake was terminated by the addition of 4 ml of ice-cold solution consisting of 130 mM NaCI, and 20 mM HEPES/Tris, pH 7.0. The solution was then rapidly filtered through a Millipore filter (DAWP02500; pore size, 0.65 ,um) and washed twice with 4 ml of ice-cold stop solution under vacuum suction.
The background uptake was determined similarly by adding 4 ml of ice-cold solution to membrane vesicles (10 ,ul) before adding 40 ul of uptake solution at 4°C. The non-specific binding was always <0.5% of the total counts in the uptake solution. Radioactivity associated with the filters was measured with a liquid scintillation counter (LSC-3500, Aloka, Japan). All uptake measurements were performed at 30°C in triplicate, and uptake was calculated on the basis of the specific activity measured in each experiment. were of regent grade and purchased from commercial sources.
Results
The purification of the BBMV was assessed by the BBMbound specific enzymes Alp and LAP. The enrichment of these enzymes in the BBMV was about 10-fold higher than those in the original homogenate.
Body weight and plasma measurements The body weights before daily subcutaneous injection were not significantly different between the two groups (281 ± 2.8 g in the control vs. 286 ± 1.8 in the Cd-treated rats). Prolonged Cd treatment (14 days) induced significant weight loss (control: 343 ± 1.8 vs. Cd-treated: 283 ± 5.9, p<0.002). However, this 18% loss in body weight did not significantly alter any of the other parameters, e.g., arterial blood gases and plasma electrolytes (Table). lime course of citrate uptake by the BBMV in Cd-intoxicated rats Figure 1 shows the time course of citrate uptake by the BBMV of the control and Cd-treated rats. At all time points, there was no significant difference between the two groups. The final pellet containing the purified BBMV was always resuspended in 700,ul suspension solution. The concentration of the BBMV protein in Cd-treated rats (51 ± 2 µg protein! l0,ul BBMV) was significantly lower than that in the control rats (102 ± 5 µg proteinll0 ul BBMV, p<0.002), which indicates that the volume of the BBMV in the Cd-treated rats was significantly reduced (50%) compared with that of the control rats. In both groups, the uptake reached equilibrium after 120 min. Figure 2 illustrates the percentages of the equilibrium value in control and Cd-treated rats. Values are expressed as percentages of the citrate uptake after 120 min incubation.
At all time points, citrate uptake was significantly lower and the overshoot phenomenon was less apparent in the Cd-treated rats. In both groups, the uptake was linear, within 30 sec.
Effect of extravesicular citrate concentration on citrate uptake by the BBMV To investigate whether there was any difference in the maximal activity of the citrate uptake (Vm) or the affinity of the transporter for citrate (Km), the initial linear rate (30 sec) of 14C-citrate uptake was measured as a function of extravesicular citrate concentration, raging from 50 to 800 µM citrate (Fig. 3) . The analysis of the citrate uptake Table. Blood analysis and serum electrolytes according to an Eadie Hofstee plot is illustrated in Figure 4 . The Vm of the citrate uptake was not significantly different (1689 ± 233 p mol/30s/mg protein in the control rats vs. 1732 ± 126 in the Cd-treated rats). The Km was not also significantly different: 77 ± 5 uM in the control group vs.
74 ± 4 in the Cd-treated group.
Discussion
Since the Second World War, with industrialization and the increasing westernization of life-style, the incidence in Japan of calcium-containing urinary stones in the upper urinary tract has been increasing, as it also has in other developed coutries21~. Thus, the elucidation of the mechanism of renal stone formation is important. The presence of renal stones is often observed in workers exposed to Cd4~. The oral intake of cadmium can disrupt calcium metabolism in laboratory rodents22~. Proteinuria is often an early sign of cadmium intoxication, and hypercalciuria also occurs early in the course. Hypercalciuria without proteinuria is often observed in cadmium intoxication4~. Urine volume is generally reduced in renal failure. However, if renal concentrating mechanism are impaired, the daily urine volume may be normal or even high ("high-output" or "non-oliguric" renal failure)23~. A obtained in the present study show that there was no difference in the serum potassium between Cd-treated and control rats. Metabolic acidosis can often occur in chronic cadmium poisoning4~, but did not occur in the present study.
The kinetic analysis (Fig. 4) revealed that there were no significant differences between the groups in the Vmax of citrate uptake or the Km of the transporter for citrate. However 2 mg CdC12/kg bodt wt . day for two to three weeks have induced tubular dysfunction7_9~. In this study, the percentages of the equilibrium value are significantly reduced in the Cd-treated rats. The volume of the BBMV was significantly reduced in the Cd-intoxicated rats, probably due to a direct interaction of Cd2+ with the rat renal brush border membrane. It is therefore proposed that the affinity of the transporters for citrate was not changed, and that the number of the transporters was decreased by cadmium intoxication through an increase in the degradation of transporters. These results suggest that Cd intoxication would inhibit the total citrate uptake by BBMV. More-developed tubular dysfunction was associated with a lower risk of the development of kidney stones4~. The results of the present study is considered to be one reason of that phenomenon.
